The goal of this study is to refine knowledge of the structure and tectonic history of the European Arctic using the combination of all available seismological surface wave data, including historical data that were not used before for this purpose. We demonstrate how the improved data coverage leads to better depth and spatial resolution of the seismological model and discovery of intriguing features of upper-mantle structure. To improve the surface wave data set in the European Arctic, we extensively searched for broad-band data from stations in the area from the beginning of the 1970s until 2005. We were able to retrieve surface wave observations from regional data archives in Norway, Finland, Denmark and Russia in addition to data from the data centres of IRIS and GEOFON. Rayleigh and Love wave group velocity measurements between 10 and 150 s period were combined with existing data provided by the University of Colorado at Boulder. This new data set was inverted for maps showing the 2-D group-velocity distribution of Love and Rayleigh waves for specific periods. Using Monte Carlo inversion, we constructed a new 3-D shear velocity model of the crust and upper mantle beneath the European Arctic which provides higher resolution and accuracy than previous models. A new crustal model of the Barents Sea and surrounding areas, published recently by a collaboration between the University of Oslo, NORSAR and the USGS, constrains the 3-D inversion of the surface wave data in the shallow lithosphere. The new 3-D model, BARMOD, reveals substantial variations in shear wave speeds in the upper mantle across the region with a nominal resolution of 1
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(a) The map shows the most relevant tectonic features discussed in the text. Blue shaded regions depict the north Atlantic oceanic domain, outlining the continent-ocean boundary in the European Arctic and the Norwegian Sea. The yellow shaded area in the East Barents Sea marks sediment thicknesses larger than 9 km in the East Barents Sea basin, after Johansen et al. (1992) . Note that the geometry in the northern part of the basin is uncertain as indicated by question marks. The mid-Atlantic ridge is traced by the epicentres (green stars) and stations used in this study are displayed by blue triangles. (b) The map shows the location of the seismic stations (blue triangles) and events used in this study (see also Table 1 ). The epicentres of the earthquakes are shown by green stars, explosions as green circles.
monitoring seismic activity within the region, which includes the Soviet nuclear test site at Novaya Zemlya. Kremenetskaya et al. (2001) published a 1-D velocity model for the wider Barents Sea region. Hicks et al. (2004) demonstrated that the 1-D model called Barey (Schweitzer & Kennett 2002, cf. Fig. 12 ), a slightly modified version of the Barents Sea model by Kremenetskaya et al. (2001) on top of model ak135 (Kennett et al. 1995) , is superior to other models for locating seismic events in the wider Barents Sea region. However, because of the known differences in the crustal structure, any 1-D model will have its limits in describing the velocity structure of the region.
The investigation of velocities in crust and uppermost mantle below the Barents Sea with surface waves started in 1970s. Calcagnile & Panza (1978) measured the interstation phase velocities of Rayleigh waves across the western part of the Barents Sea between stations KBS (Svalbard) and KRK (Norway) and inverted these measurements for an average crust and upper-mantle structure. McCowan et al. (1978) measured intersource phase velocities of Rayleigh waves from nuclear tests at two Soviet test sites at Novaya Table 1 . List of seismic stations from which surface wave data were retrieved to increase the ray coverage in the Barents Sea and surrounding regions (see also Fig. 1 ). The abbreviations in the network-affiliation column stand for: AWI-Alfred-Wegener-Institute for Polar and Marine Research, BGS-British Geological Service, CNSN-Canadian National Seismograph Network, FNSN-Finish National Network (University in Helsinki), FOI-Totalförsvarets forskningsinstitut (Sweden), GEUS-Danmarks og Grønlands Geologiske Undersøgelse, GRSN-German Regional Seismic Network, IDA-International Deployment of Accelerometers, IMS-International Monitoring System, IRIS-Incorporated Research Institutions for Seismology, KRSC-Kola Regional Seismological Center, MASI99-Temporal net of seismic stations in Finmark operated by NORSAR and the University of Potsdam (Germany) (Schweitzer 1999) , NNSN-Norwegian National Seismic Network (University in Bergen), RUB-Ruhr University Bochum, UK-University in Kiel, and USGS-US Geological Survey. The data availability for some of the stations may be longer than known to us. Bungum & Capon (1974) and Levshin & Berteussen (1979) observed mutlipathing of Rayleigh waves due to major tectonic boundaries in and around the European Arctic. Levshin & Berteussen (1979) investigated in detail surface wave observations from nuclear explosions on Novaya Zemlya and were able to derive a mean velocity model for the Barents Sea part of the path between Novaya Zemlya and NORSAR based on group and phase velocity observations. Chan & Mitchell (1985) and Egorkin et al. (1988) obtained average crustal models along several profiles crossing the Barents Sea using analogue records of earthquakes from seismic stations KHE (Franz Josef Land), APA (Kola Peninsula), KBS, KEV (Finland) and digital NORSAR data. A surface wave tomography has been published for the Arctic, which shows the large scale velocity features in the larger Barents Sea region (Levshin et al. 2001; . This tomography based on group-velocity measurements of Love and Rayleigh waves, which had been compiled globally over the years at the University of Colorado. Recently, Pasyanos (2005) published group-velocity maps for Eurasia and the European Arctic, which show very similar large scale features. He used the University of Colorado data set and extended it by his own surface wave observations. However, he could not achieve higher resolution in the European Arctic due to the lack of additional regional surface wave observations. Thus, all published global and regional tomographic models have poor resolution in the European Arctic due to the small number of seismic stations, relatively low regional seismicity, and limited a priori knowledge of the crustal structure. During the past decade, several new seismic stations were permanently or temporarily installed in and around this region. Many of the data from these stations are not easily accessible via the international data centres but only by direct request to the network operators. We have systematically searched during this study for additional broad-band waveform data observed at seismic stations and arrays in the area of interest from the early 1970s until 2005 (Levshin et al. 2005a,b) . These newly analysed surface wave data are combined with a subset of the data from the University of Colorado (CU-Boulder). The resulting data set of Love-and Rayleigh-wave observations, for waves traversing the wider Barents Sea area, has a much higher path density than achieved in previous studies and thereby a higher resolution of lateral heterogeneities in seismic velocities. Table 2 . List with source parameters of the seismic events newly investigated during this study for measuring the group velocities of surface waves. A map with the event locations is shown on Fig. 1 
D ATA C O L L E C T I O N A N D A N A LY S I S
To improve the data coverage in the target region, we have extensively searched for long period and broad-band data from seismic stations and arrays in the European Arctic, including local networks and temporary array installments. We were able to retrieve surface waveform data and make surface wave dispersion observations on data from archives at NORSAR, University of Bergen, the Kola Science Center in Apatity, the Geological Survey of Denmark and the University of Helsinki, in addition to data retrievable from the international data centres at IRIS and GEOFON. The full list of stations is given in Table 1 and an overview map of the station locations is in Fig. 1(b) . New Love-and Rayleigh-wave data were identified for more than 150 seismic events (including 25 nuclear tests at Novaya Zemlya and 13 so-called Peaceful Nuclear Explosions (PNEs) within the former Soviet Union) spanning a time period from 1971 to 2005. Fig. 1(b) shows the geographic distribution of these events and their source parameters are listed in Table 2 . The PNE data have not been used previously for surface wave studies. From the surface wave recordings, group velocities for Love and Rayleigh waves were measured in the period range between 10 and 150 s using the program package for frequency-time analysis developed at CU-Boulder (Ritzwoller & Levshin 1998) . Following outlier rejection (as described in Ritzwoller & Levshin 1998) , the new measurements were combined with the existing set of group velocity measurements provided by CU-Boulder (Levshin et al. 2001 ) that were completely inside the study region [50
60
• W-160
• E]. The entire data set, therefore, consists of paths within the same regional frame. We should notice that CU-Boulder database includes more than 10 000 paths crossing this cell at periods 25 s and longer. However, we decided to limit ourselves only by the paths inside the cell to give new and earlier data the equal weight. Otherwise, all uncertainties related to the long paths could be imprinted on the resulting detailed regional maps.
By analyzing event clusters (Ritzwoller & Levshin 1998) , the rms of the group velocity measurements for the new data set in the considered period range is measured to be 0.010-0.015 km s −1 for Rayleigh waves and 0.015-0.025 km s −1 for Love waves. Fig. 2 compares the number of newly analysed Love and Rayleigh wave measurements with the number in the pre-selected CU data set. The new data set increases the ray density in the study region significantly. In particular, for shorter periods the number of rays crossing the target area is increased by more than 200 per cent for Rayleigh waves and close to 200 per cent for Love waves. For longer periods (i.e. T > 80 s), the percentage of new data significantly drops because large seismic events, necessary to generate long period radiation, are rare in the study region. Fig. 3 illustrates how the new data set complements the CU data at periods of 25 and 40 s. Note that many gaps in the pre-selected CU data set are filled by the new data. Fig. 4 shows the path densities for the combined data set for a variety of periods for both Love and Rayleigh waves. Due to the inhomogeneous distribution of sources and stations the path density is higher in the western part of the studied region and smoothly degrades towards the east. Path density degrades as periods rise above 40 s. The figure on the left shows the number of observed ray paths, on which Love-(L) and Rayleigh-wave (R) group velocities were measured for the pre-selected CU-Boulder data set (dashed lines, R-CU and L-CU) and during this new study (solid lines, R-NEW and L-NEW). The figure on the right shows the total number of ray paths in the joint data set used for the inversions in this study. 
2 -D I N V E R S I O N F O R G RO U P V E L O C I T Y M A P S
A tomographic inversion for 2-D group-velocity maps has been performed for a set of periods between 14 and 90 s following the procedure described by Barmin et al. (2001) and Ritzwoller et al. (2002) . In all cases, we inverted the combined data set of the newly acquired data and the pre-selected CU-Boulder data. As starting models for the inversion, the group-velocity maps predicted by the CUB2 global model were used. This model was constructed on 2 • × 2 • grid using more than 200 000 group velocity measurements. We present the resulting group-velocity maps for Love (Fig. 5 ) and Rayleigh waves (Fig. 7) at four different periods: 18, 25, 40 and 60 s. The difference between the new groupvelocity maps and the initial maps is also shown for Love (Fig. 6 ) and Rayleigh waves (Fig. 8) .
The group-velocity maps show the lateral deviation of the group velocities from the average velocity in per cent. These deviations are up to 36 per cent for 16 s Love (Fig. 5) and Rayleigh waves (Fig. 7) . This reflects the strong lateral heterogeneity of the Earth's crust in the region, which changes from the mid-oceanic ridge system in the North Atlantic to thick sedimentary basins in the Barents Sea and old shields with continental crust on mainland Fennoscandia. Comparison of the resulting and starting maps (Figs 6 and 8) demonstrates significant differences in velocities between the two sets of maps (up to 1.0-1.2 km s −1 for short periods and up to 0.25 km s −1 at period 60 s). This confirms the presence of new information in the new data set. Table 3 illustrates the improvement in the data fit achieved by the inversion. We compared the data fit achieved with selected data to that obtained with a combination of paths from the CU-B database crossing the studied region and new data (about 16 000 paths altogether for 40 s period). In the last case, the rms of the traveltime residuals is twice larger for the paths inside the region and the variance reduction for traveltimes residuals is only ∼10 and ∼9 per cent for group velocities. This could be expected as the initial model of was built using the CU-B global data set. Including the same data for a new inversion does not add extra information. This comparison supports our decision to limit the data set to paths inside the studied area.
Because the sensitivity kernels for Love waves and Rayleigh waves are different, Rayleigh waves are sensitive for deeper structures than Love waves at the same period. Therefore, a joint analysis of the crustal structure with both Love and Rayleigh waves gives additional confirmation for an inverted velocity model. For example, note that the geographical pattern of group-velocity variations for Love waves at a period of 25 s (Fig. 5, top right) is similar to the pattern of group-velocity variations for Rayleigh waves at 18 s period (Fig. 7, top left) To evaluate the spatial resolution of the estimated group velocity maps we used the technique described in Barmin et al. (2001) . Fig. 9 illustrates the spatial resolution of the tomographic images for Rayleigh and Love waves at different periods. The best resolution (∼200 km) is observed for the Western Barents Sea and Southeastern Barents Shelf. Resolution degrades with increasing period above 40 s. The spatial resolution directly reflects the improvement in path coverage as shown in Figs 3 and 4.
I N V E R S I O N F O R A 3 -D T O M O G R A P H I C V S M O D E L
The 2-D group-velocity maps at periods up to 90 s derived from the new data set of Love and Rayleigh wave observations are the main input for a 3-D inversion for S-wave velocity structure. For longer periods (up to 200 s for Rayleigh waves and 150 s for Love waves) the CU-Boulder global group velocity and phase velocity maps were used as additional input data. Phase velocity data sets were provided by Harvard (Ekström et al. 1997) and Utrecht (Trampert & Woodhouse 1995) groups. Due to the small number of short period surface wave observations, however, the resolution is limited for details in the structure of the crust, particularly in the uppermost crust. In addition, shorter period surface waves are much more influenced by scattering at lateral heterogeneities in the crust.
To improve the inversion with respect to that, we applied the new crustal model BARENTS50 of the Barents Sea and surrounding areas, which had been derived in a joint project by the University of Oslo, NORSAR, and the USGS (Bungum et al. 2005; Ritzmann et al. 2007) . This model has detailed information on crustal thickness and sedimentary basins in the study region with a nominal resolution of 50 × 50 km and helps to constrain the tomographic inversion particularly in the shallow parts of the resulting inversion. We resampled the crustal model to a 1
• × 1 • grid and converted the P-wave velocities given by Ritzmann et al. (2007) to S-wave velocities applying the P-to-S velocity transformation as used in CRUST2.0 (Bassin et al. 2000 ; http://mahi.ucsd.edu/Gabi/rem.dir/crust/crust2.html). The upper crust of model BARENTS50 with its information on sedimentary coverage of the greater Barents Sea region was used as a constraint and not altered during the inversion. The parameters of the lower crust and the depth to the Mohorovičić discontinuity were initially taken from model BARENTS50, but allowed to change during the inversion. For the upper mantle part the CU-Boulder model of was used as the initial model down to a depth of 250 km (see also http://ciei. colorado.edu/∼nshapiro/MODEL/index.html). Below 300 km, we applied the Harvard model J362D28 (Antolik et al. 2003) as input. A smooth transition was used between these two models in the depth range from 250 to 300 km. The new 3-D shear velocity model is constructed using a Monte Carlo method, which is described in detail by . The inversion is performed at each node of a 1
• × 1 • grid across the region of the study, and produces an ensemble of acceptable models that are constrained by a variety of a priori information, including the initial crustal model. fully describe the set of constraints. The isotropic part of the model in the mantle is parametrized with B-splines. The model is radially anisotropic from the Moho to a variable depth that averages about 200 km. We will not discuss the anisotropic properties of the model but will concentrate only on the isotropic component of shear velocity V s = (V sv + V sh )/2 at all depths. Fig. 10 displays an example of the inversion at two points: one is in Barents Sea (74
• N, 40
• E), and the other in the Western Siberia (70
• N, 70
• E).
D I S C U S S I O N O F T H E 3 -D V E L O C I T Y M O D E L B A R M O D
The inversion results are presented as deviations in shear wave speed (in per cent) from the S-wave speed in the 1-D Barey model (Fig. 12,  bottom) . Fig. 11 shows several horizontal slices through the model in the range from 60 to 280 km depth. The horizontal slice for a depth of 45 km is shown in Fig. 12 relative to the 1-D reference model Barey. The shear velocity cross-sections along several transects across the studied region are shown in Fig. 13 . The positions of these transects are plotted on the map in Fig. 12 . The 3-D model BARMOD reveals lateral heterogeneities in shear wave speeds in the upper mantle across the whole region. Of particular interest are the imprints of first-order changes in the tectonic regimes, such as the mid-Atlantic ridge, the continent-ocean transition in the Norwegian Sea, and the thickened crust beneath Novaya Zemlya. The structure of the lithosphere is naturally very closely related to its tectonic history. For the Barents Sea region, the evolution is characterized by repeated cycles of compression and extension making it a tectonically very complex system. Three stages of major convergence are known for the region related to the Timanian (600-545 Ma), Caledonian (440-410 Ma) and Uralian (280-240 Ma) orogenies (Faleide et al. 2006a,b) . Since the last major tectonic activity in the region occurred some 240 Ma, we can assume that the high-velocity anomaly dipping eastward beneath Novaya Zemlya (Fig. 13) is not of thermal but of compositional origin. The timing of the active subduction is uncertain although there is evidence that it occurred as early as at the Timanian stage (Faleide, pers. comm.) . Beneath the East Barents Sea basin, which evolved during late Permian-early Triassic times by rapid, non-fault-related subsidence , the thickened mantle anomaly indicates a possible chronological relation of both processes (thickening in the mantle and subsidence in the crust), which in turn both correlate in time with the Uralian collision. The processes causing the thickening of the high-velocity anomaly can be both mechanical or compositional (phase changes) and the mechanisms linking the thickening in the upper mantle to basin formation are uncertain. The location of the Caledonian suture in the Barents Sea region is also uncertain, but Breivik et al. (2002) showed evidence that it may be situated in the western Barents Sea, approximately at the western boundary of the shallow upper mantle high-velocity anomaly. Thus, this western boundary could be related to lithosphere subducted during the Caledonian collision. For the Uralian collision, no clear onset of a subducting slab as an indicator for a suture location can be identified in the model. The negative anomalies east and southeast of Svalbard at 140 km depth correlate nicely in geometry with an area influenced by major tectonic uplift (Dimakis et al. 1998) . To the west, BARMOD clearly images the imprints of the mid-Atlantic ridge and the extension of a low-velocity anomaly beneath the continental lithosphere near the Svalbard Archipelago. In contrast to the high-velocity anomaly to the east, this low velocity anomaly probably is thermal in origin, related to break-up of the northeastern Mid-Atlantic during the Cenozoic. Faleide et al. (2006a) compared BARMOD with thermal modelling across the continent-ocean boundary (Breivik et al. 1999 ) revealing a clear correlation between the modelled isotherms and the velocity field.
The velocity variations at 45 km depth, presented in Fig. 12 , reveal approximately the lateral change in S-wave velocity relevant for Sn propagation. Engdahl & Schweitzer (2004a,b) described pronounced differences in traveltimes and waveform shapes on NOR-SAR array recordings of nuclear explosions conducted both at the northern and at the southern nuclear test side on Novaya Zemlya. This observation may be explained by multipathing effects due to the dipping high velocity body.
C O N C L U S I O N S
The substantial data set of new surface wave group-velocity measurements combined with existing data from CU-Boulder has provided the opportunity for constructing a new 3-D shear velocity model of the crust and upper mantle down to about 250 km depth beneath the European Arctic. This 3-D Vs model, BARMOD, has higher spatial and depth resolution than previous models and clarifies or reveals important features of the tectonic setting in the region: continent-ocean boundary, a dipping slab-like high velocity zone in the upper mantle and the thermal extension of the northeastern Mid-Atlantic ridge system. The contemporaneous thickening of the high-velocity body beneath the eastern Barents Sea basin with crustal subsidence is an intriguing indicator for the presence of mechanic coupling between crustal and upper-mantle structure, the details of which are yet poorly understood.
Apart from providing S-wave velocities, BARMOD also contains P-wave velocities and densities which were derived by using temperature-velocity relations for mantle material as described in Goes et al. (2000) and Shapiro & Ritzwoller (2004) . Among an undefined set of optional applications, this complete velocity and density model for the crust and upper most mantle of the wider Barents Sea region may be used for refining source specific traveltime corrections (SSSCs) for regional P and S waves propagating through the larger Barents Sea region as described in Ritzwoller et al. (2003) . The new 3-D velocity model of the wider Barents Sea region can be downloaded from the web-page http://www.norsar.no/seismology/barents3d/.
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